Abstract: Short allele carriers (S-carriers) of the serotonin transporter gene (5-HTTLPR) show an elevated amygdala response to emotional stimuli relative to long allele carriers (LL-homozygous). However, whether this reflects increased responsiveness of the amygdala generally or interactions between the amygdala and the specific input systems remains unknown. It is argued that the amygdala receives input via a quick subcortical and a slower cortical pathway. If the elevated amygdala response in Scarriers reflects generally increased amygdala responding, then group differences in amygdala should be seen across the amygdala response time course. However, if the difference is a secondary consequence of enhanced amygdala-cortical interactions, then group differences might only be present later in the amygdala response. Using magnetoencephalography (MEG), we found an enhanced amygdala response to fearful expressions starting 40-50 ms poststimulus. However, group differences in the amygdala were only seen 190-200 ms poststimulus, preceded by increased superior temporal sulcus (STS) responses in S-carriers from 130 to 140 ms poststimulus. An enhanced amygdala response to angry expressions started 260-270 ms poststimulus with group differences in the amygdala starting at 160-170 ms poststimulus onset, preceded by increased STS responses in S-carriers from 150 to 160 ms poststimulus. These suggest that enhanced amygdala responses in S-carriers might reflect enhanced STS-amygdala connectivity in S-carriers. Hum Brain Mapp 38:4313-4321, 2017.
INTRODUCTION
The serotonin signaling system plays an important role in regulating emotions and stress response [Canli and Lesch, 2007] . Serotonergic signaling is affected by a serotonin transporter polymorphism (5-HTTLPR), of which carriers of the short alleles (S-carriers; homozygous and heterozygous) show reduced serotonin transporter availability and serotonin reuptake compared with noncarriers or long-allele carriers (LL-homozygous) [Lesch et al., 1996] . Such changes have been implicated in the increased susceptibility to negative mood states, increased stress responsiveness, and increased risk for the development of social psychopathologies in S-carriers [Caspi et al., 2010] . Neuroimaging research using functional magnetic resonance imaging (fMRI) has found that S-carriers of 5-HTTLPR show an elevated amygdala response to social threat relative to LLhomozygous Heinz et al., 2005; Klucken et al., 2015; Ma et al., 2015; von dem Hagen et al., 2011; Pezawas et al., 2005 ; but see Lee & Ham, 2008] . It has been hypothesized that this may lead to the increased risk for anxiety-related temperamental traits observed in S-carriers [Wrase et al., 2007] . However, it remains unknown whether this elevated responding reflects generally increased amygdala responsiveness or selectively increased responsiveness as a function of specific pathways associated with the amygdala. It is possible that S-carriers simply develop hypersensitive amygdalae as the fMRI literature assumes (as such we would see increased amygdala responsiveness across the time course of the amygdala response). Alternatively, it is possible that S-carriers show a heightened amygdala response to emotional information provided by its interaction with other brain regions. The goal of this study is to distinguish between these two possibilities.
It is argued that the amygdala receives input via at least two pathways: a quick and primarily subcortical thalamus-amygdala pathway and a slower sensory cortex-amygdala pathway [Quirk et al., 1995 [Quirk et al., , 1997 LeDoux, 2000] . Although originally based on evidence from rats using auditory stimulation [Quirk et al., 1995 [Quirk et al., , 1997 , this hypothesis has received evidence from multiple modalities using visual presentation from both primates and humans. Data from primates suggest that fast visual detection can indeed go through a viable subcortical pathway through thalamic lateral geniculate nucleus independent of primary visual cortex [Schmid et al., 2010] , providing anatomical support for the subcortical route hypothesis. Studies with patients with affective blind sight revealed that lesion patients with V1 damage can access emotional information when stimuli are presented to the blind field [for a review, see de Gelder et al., 2000; Celeghin et al., 2015] . In addition, human intracranial recording studies have revealed faster amygdala responses to the low spatial frequency component of fearful faces relative to ventral visual areas [M endez-B ertolo et al., 2016] . Moreover, data from previous magnetoencephalography (MEG) studies indicate that the amygdala shows an early response (about 40 ms after stimulus onset) that is faster than that seen within visual cortex [Luo et al., 2007 [Luo et al., , 2010 . These MEG results have received recent support from a human intracranial electrophysiological study that reported faster amygdala responses (beginning 74 ms poststimulus onset) to fearful but not to neutral expressions than those seen within visual cortex [M endez-B ertolo et al., 2016] . As such, if being an S-carrier confers increased amygdala responsiveness, then this increased amygdala responsiveness should be present across the time course of the amygdala response. Alternatively, if being an S carrier leads, for example, to heightened cortical-amygdala associations, then one might expect the amygdala response in S carriers only to be elevated for later amygdala responding.
To investigate this issue, it is necessary to use brainimaging technology that provides good spatial and temporal resolution. MEG is well known for its superb temporal resolution. Advances in MEG source analysis technique have also greatly enhanced the spatial resolution of MEG. For example, synthetic aperture magnetometry (SAM), a source analysis technique based on the beamformer approach, is capable of estimating MEG source current power changes in an arbitrarily chosen voxel within the whole brain with high spatial resolution [Adjamian et al., 2009; Hillebrand et al., 2005; Ishii et al., 2009; Robinson and Vrba, 1999; Sekihara et al., 2005; Steinstr€ ater et al., 2010; Vrba and Robinson, 2001; Xiang et al., 2003 ]. More importantly, apart from identifying signals from cortical areas, MEG has been found repeatedly to be capable of identifying signals from deep brain structures such as amygdala, thalamus, and hippocampus using beamformer methods [e.g., Cornwell et al., 2007 Cornwell et al., , 2008 Liu et al., 2015; Luo et al., 2007 Luo et al., , 2009 Luo et al., , 2010 Garolera et al., 2007; Garvert et al., 2014; Styliadis et al., 2014] and other source localization techniques [Ioannides et al., 1995; Liu & Ioannides, 2010; Streit et al., 2003] . Moreover, it is important to note that cues shown to activate the amygdala in human fMRI and positron emission tomography research (e.g., fearful expressions; for a review, see Costafreda et al. [2008] ), and whose recognition is compromised by amygdala lesions [e.g., Vuilleumier et al., 2004] , also elicit amygdala activation in MEG studies [e.g., Cornwell et al., 2008; Dumas et al., 2013; Luo et al., 2007 Luo et al., , 2009 Luo et al., , 2010 .
Furthermore, MEG, when combined with the SAM and the sliding-window analysis, allows access to this information, providing fine-scale neural dynamics across the whole brain [Luo et al., 2007 [Luo et al., , 2009 [Luo et al., , 2010 . See more details about these techniques in Materials and Methods. In short, we used MEG combined with SAM to determine whether S-carriers would show increased responding across the time course of the amygdala response or only for later amygdala responding. While previous work examining the response of LL-homozygous and S-carriers has frequently collapsed across responses to fear and anger [Hariri et al., 2002] , given the considerable literature revealing at least partly separable mechanisms for responding to fearful and angry expressions using fMRI [see, for meta-analytic reviews, Vytal and Hamann, 2010; Fusar-Poli et al., 2009 ], using MEG [Luo et al., 2007] , we adopted our previous design [Luo et al., 2007] in which responses to fearful and angry expressions were contrasted with neutral expressions in separate analyses. This study focused on the gamma frequency band (30-50Hz) because gamma band oscillations are considered to be of particular importance for cognition and play a crucial role in integrating distributed neural processes into highly ordered cognitive functions and is important in a wide range of cognitive, perceptual, attentional, and emotional processes [Fries et al., 2007; Luo et al., 2007 Luo et al., , 2009 Luo et al., , 2010 Singer, 1999; Varela et al., 2001] . We have found a significant association between gamma band activity and the presentation of emotional stimuli in our previous MEG studies [Luo et al., 2007 [Luo et al., , 2009 [Luo et al., , 2010 .
MATERIALS AND METHODS

Participants
Forty participants (18 male, mean age 5 27.2, SD 5 7.2 years) participated. Before the study, participants underwent a screening visit at the National Institutes of Health, which included a medical history and physical exam performed by a physician, a structured Clinical Interview for DSM-IV performed by a clinician, and blood and urine screening tests. In addition, the matrix reasoning and vocabulary subtests of the Wechsler Abbreviated Scale of Intelligence were administered to obtain an estimated IQ score. Exclusion criteria included current medical illness or major psychiatric disorders, a lifetime history of mood disorders or psychosis, or relatives with a history of mood disorders. In addition, no subject was currently taking psychotropic medications. All gave written informed consent and the study was approved by the National Institute of Mental Health Institutional Review Board.
DNA for each subject was prepared from 16 ml of peripheral blood and approximately 300 lg was obtained for each subject. 5-HTTLPR analysis was accomplished via amplification of the region followed by size separation of the alleles on a 3730 DNA Analyzer (Applied Biosystems). Positive (known genotype) and negative control (no DNA) standards were run with each assay. Genotyping was performed blind to subject identities. Genotyping yielded three 5-HTTLPR groups: long/long (L/L), 14 participants; long/short (S/L), 19; short/short (S/S), 7. We combined the S/S and S/L genotypes into the S-carriers group who carry either one or two copies of the short variant (n 5 26) and compared them with the LL homozygote group who do not carry any short variant (n 5 14). This grouping was made given previous reports of increased emotional response in S carriers than LL homozygous groups Heinz et al., 2005; Pezawas et al., 2005] and the observation that 5-HT uptake was twice higher in human lymphoblastoid cells homozygous for the 5-HTTlong variant, relative to cells that carried either one or two copies of the 5-HTT short variant, which had comparable 5-HT uptake [Lesch et al., 1996] . The ratio of genotypes in this study is consistent with previous findings of genotype presence within the general population [Haberstick et al., 2015] . There were no significant genotype group (LL homozygous, S carriers) differences in age (Mean_S-carriers 5 29.60 6 7.90; Mean_LL-homozygous 5 30.52 6 7.94; P > 0.72), gender (No. of females in S-carriers: 56% 6 51%; in LL-homozygous: 60% 6 51%, P > 0.81), or IQ (S-carriers: mean 5 115.24 6 9.38; LL-homozygous: mean 5 119.14 6 11.69; P > 2.61). The subjects were any volunteers from the general population in the surrounding community who met the inclusion criteria. The surrounding community was a relatively privileged, affluent area that likely contributed to the above average mean IQ scores (though these are unlikely as high as might be seen in university based studies with undergraduate healthy participants).
Task Design
The task design presented in Luo et al. [2007] was adopted. Briefly, the stimuli were fearful, angry, and neutral facial expressions selected from the NimStim Face Stimulus Set [Tottenham et al., 2009 ]. There were 52 (26 male) exemplars of each expression. The face stimuli were presented without hair and were transformed into grayscale. Each trial involved the presentation of a face for 300 ms followed by a 200 ms blank screen. There was then a 1500 ms response window during which the participant chose one of the two buttons according to the gender of the stimulus. The button associated with each gender was randomized across trials, and the participants were told which button corresponded with which gender during the response window; that is, "M F" indicated that the left button was the response for male while "F M" indicated that the right button was the response for male. This was done to reduce the subject's expectancy and preparatory responses. An emotion-irrelevant gender judgment task was adopted to avoid possible attentional biases associated with certain expression types. The trials from the different emotional conditions were randomized during the presentation. The response window was followed by a blank of 600 ms (see Fig. 1 for an illustration of the design).
Data Acquisition
MEG data were recorded at 600 Hz using a 275-channel CTF whole-head MEG system in a shielded environment. The CTF MEG system is equipped with synthetic third gradient balancing, an active noise cancellation technique that uses a set of reference channels to subtract background interference. The resulting noise floor is on the order of 5-7 fT above 1 Hz. At the beginning and end of each measurement, the participant's head position was registered with localization coils that were placed at the nasion and the bilateral preauricular points. It was required that head movements did not exceed 0.5 cm. By registration of the head position at these three points, the MEG data could be superimposed on the individual anatomical images with an accuracy of a few millimeters.
High-resolution anatomical MRI images were acquired using a T1-weighted, three-dimensional, spoiled GRASS imaging (spgr) sequence (1 3 1 3 1.5 mm 3 ) with a 1.5 T GE scanner.
Data Processing
Preprocessing
The CTF software and software developed at the NIMH MEG core facility together with Analysis of Functional NeuroImages (AFNI: http://afni.nimh.nih.gov/afni/) were used for data processing. Before doing SAM analysis, the data were marked according to the trial types. A multisphere head model was created for each participant based on the anatomical image of each participant.
Sliding window SAM analysis
The SAM methodology: SAM is a spatial filtering technique based on the linear constrained minimum-variance beamformer and is capable of estimating source current power changes in an arbitrarily chosen voxel within the whole brain with high resolution [Vrba and Robinson, 2001] . Compared with many other source analysis techniques used, such as the equivalent current dipole method, SAM has been proven to provide higher and more precise spatial resolution [Brookes et al., 2005; Hillebrand et al., 2005] . This is because SAM estimates the source power with high spatial resolution by forming a linear combination of sensors that can suppress the signals from environmental and brain noise without attenuating power from the target voxel [Robinson and Vrba, 1999] . As an adaptive technique, SAM is better at the localization of temporally uncorrelated sources than nonadaptive techniques [Sekihara et al., 2005] . Moreover, SAM has the advantage of analyzing the MEG data within a specified frequency band. Because of these advantages, SAM has become an increasingly popular analytic tool for MEG data (see Hillebrand et al. [2005] for a review). Magnetic fields were calculated using the Sarvas [1987] spherical model, with one sphere per MEG sensor.
Most previous studies adopting the SAM technique tend to use just one, fixed active and control window pair. This means that it is difficult to see a dynamic spatiotemporal profile brain activity related to a brain region. In this study, the sliding window method was adopted. We kept the control window constant and slid the active window over a very fine step within SAM analyses. Then we concatenated the SAM results from all the windows, which enabled us to capture very fine-scale dynamic changes spatiotemporally. Our sliding window SAM identified within a 10 s window when a region shows indication of significant activation. With a window length of 150 ms and a step of 10 ms, we estimated the signal power in each voxel by using dual-state SAM imaging, in which the control state (baseline) was the 150 ms before stimulus onset (or 2150 to 0 ms) and the active state was a 150 ms window sliding with a 10 ms step: 2150 to 0 ms, 2140 to 10 ms, 2130 to 20 ms, and so on. The dual-state SAM output was the contrast between the active state and the control state. With sliding window SAM, we could obtain information regarding when significant gamma band oscillations emerged, peaked, and offset. For example, if significant gamma band oscillations in a region were not seen in the "2110 to 40 ms" window, but were seen in the "2100 to 50 ms" window, then we could infer that the onset of gamma band oscillations in this region was between 40 and 50 ms. Fifty dual-state SAM imaging analyses were performed with a spatial resolution of 5 mm. The output results were then concatenated, enabling us to obtain a time course in combination with spatial activation maps across all the time points, starting from 150 ms before the stimulus onset, to 500 ms poststimulus offset. The highperformance computational capabilities of the NIH Biowulf PC/Linux cluster, Bethesda, MD (http://biowulf.nih. gov) were utilized to perform the above computationintensive tasks.
Group analyses
For group analyses, individual anatomical images were first spatially normalized to the Talairach brain atlas. The SAM results of participants were also normalized (transformed to z-score) and registered to their respective anatomical Talairach images. The group analysis for each of the time windows was performed using 3dttest11 in AFNI, which generated the gamma band oscillation results 
RESULTS
Behavioral
A 2 (genetic group: s/LL) 33 (emotionality: fear/anger/neutral) ANOVA was performed on the RTs and error rates. Results indicated that there was no significant difference in RTs between the two subject groups (Mean_S-carriers 5 516.797 6 92.587 ms, Mean_LL-homozygous 5537.027 6 81.311 ms, F(1, 119) 5 0.408, P 5 0.842), nor between the three emotionality conditions (Mean_fear 5 529.113 6 87.377 ms, M_anger 5 528.522 6 87.627 ms, M_neutral 5 515.514 6 92.658 ms; F(2,119) 5 0.289, P 5 0.750). No significant interaction between group and emotionality was found (F (2, 119) 5 0.014, P 5 0.986). Error rates analyses indicated no significant difference in RTs between the two subject groups (Mean_S-carriers 5 7.0% 6 5.1%, Mean_LL-homozygous 5 6.8% 6 4.5%, F(1, 119) 5 1.591, P 5 0.168). There was a significant emotionality effect, however (Mean_fear 5 6.9% 6 5.1%, Mean_anger 5 8.4% 6 4.7%, Mean_neutral 5 5.4% 6 4.5%; F(2,119) 5 3.822, p 5 0.025). Error rates were significantly higher for angry relative to neutral expressions (P < 0.020). There was no significant interaction between group and emotionality (F(2, 119) 5 0.160, P 5 0.853).
MEG Imaging Results
Amygdala activity as a function of expression
The fear versus neutral contrast revealed greater gamma power within left amygdala lasting from 40 to 50 ms poststimulus onset until 330-340 ms poststimulus onset. The anger versus neutral contrast also revealed significant gamma band within left amygdala, but this began later (onset at 260-270), and was significant only until 320-330 ms.
Amygdala activity in response to fear and anger relative to neutral expressions as a function of group S-carriers showed significantly greater gamma power within left amygdala for fearful relative to neutral expressions from 190 to 200 ms poststimulus onset until 320-330 ms poststimulus onset (Fig. 1a) . Group differences prior to 190-200 ms were not seen even at more lenient significance levels (P < 0.05). Similarly, S-carriers showed significantly greater gamma power within left amygdala for angry relative to neutral expressions from 160 to 170 ms poststimulus onset until 320-330 ms poststimulus onset (Fig. 3a) . 
Between group differences in other regions
The between-group contrast of fear versus neutral expressions revealed elevated response for S-carriers relative to the LL-homozygous group within superior temporal sulcus (STS; onset at 130-140 ms and offset at 240-250 ms) and rostral/medial frontal cortex (PFC; onset at 90-100 ms and offset at 190-200 ms; Fig. 2b,c) .
The between-group contrast of anger vs neutral (anger versus neutral in S-carriers contrasted with anger versus neutral in LL-homozygous) also revealed greater gamma band power in S-carriers relative to the LL-homozygous group within STS (onset at 150-160 ms and offset at 240-250 ms) and rostral/medial frontal cortex (onset at 240-250 ms and offset at 350-360 ms) and parietal cortex (onset at 260-270 ms and offset at 360-370 ms) (Fig. 3b,c) .
DISCUSSION
Using MEG and advanced beamformer source localization techniques, we examined the spatiotemporal dynamics of the responses to fearful and angry expressions in S-carriers and LL homozygotes. We have shown that S-carriers of the s-allele variant of 5-HTTLPR display heightened amygdala response relative to LL homozygotes in response to emotional facial expressions. These results, therefore, provide further support for an effect of 5-HTTLPR on amygdala function. Moreover, by showing the temporal course of the group difference, we found that S-carriers showed greater gamma band activity within the amygdala relative to LLhomozygous individuals, but this occurred relatively late in the amygdala response to fearful expressions. Indeed, the group difference emerged after a comparable group difference in gamma band activity within the superior temporal sulcus was apparent. This suggests that HTTLPR genetic polymorphism variation induced hyperactivity likely follows input from cortical regions rather than being driven by subcortical inputs.
A number of recent studies showed that the amygdala, which is densely innervated by serotonergic neurons [Hariri and Holmes, 2006; Hensler, 2006] , is more reactive in Scarriers during the processing of negative emotions compared to l-homozygotes [Bertolino et al., 2005; Hariri et al., 2002 Hariri et al., , 2005 Heinz et al., 2005; Klucken et al., 2015; Ma et al., 2015; Pezawas et al., 2005; Rhodes et al., 2007; Smolka et al., 2007; von dem Hagen et al., 2011] . Increased amygdala responses in participants with the S-carriers genotype of 5-HTTLPR are attributed to relatively decreased 5-HTT expression and increased synaptic 5 HT availability, leading to the activation of excitatory 5-HT receptor subtypes and the desensitization of inhibitory 5-HT1A receptors [Hariri et al., 2002] . The current results extend the previous work by showing that the increased amygdala responsiveness of S-carriers is not present throughout the time course of the amygdala response to fearful expressions. Rather it is seen only after a comparable genotype group difference in responding to fearful expressions within STS. STS is critically involved in face and emotional expression perception [Engell and Haxby, 2007; Said et al., 2010] . Previous studies have reported Scarriers show greater superior temporal cortex responsiveness to emotional faces [Rao et al., 2007; Schardt et al., Smith et al., 2004] . The current data suggest that group differences in S-carriers relative to LL homozygotes in amygdala responsiveness might reflect enhanced amygdala-STS interactions.
The absence of any group differences in early amygdala responsiveness to fearful expressions indicates that S-carriers and LL-homozygous show comparable responsiveness within the putative subcortical route. In regard to anger, the amygdala response came rather late (260-270 ms) with the absence of very early response as seen to fear (40-50 ms in amygdala). This confirms our previous finding that amygdala's response to anger is not generated via input through the subcortical route, but through a cortical route [Luo et al., 2007] , perhaps due to the need for gathering hierarchical and social status information of the person showing anger [Blair, 2003; Van Honk et al., 2005] . Therefore, the group difference for anger between S-carriers and LL-homozygous in the amygdala in this study occurs via amygdala-cortical interactions (e.g., amygdala-STS). Interestingly, previous work has suggested that external factors such as culture and value [Chiao & Blizinsky, 2010; Munaf o et al., 2008] and cognitive manipulation strategies [Schardt et al., 2010] affect 5-HTTLPR genotype group differences in responsiveness. Presumably, such influences are more likely to occur via the cortical route, with areas involved in sensory and cognitive processing being modified by experience and sending input to amygdala.
Two caveats might be considered with respect to the current results. First, it could be suggested that inadequate signal to noise detection in data obtained from the MEG beamformer approach might compromise the obtained data. However, it is important to note here that there are now good reasons to believe that the MEG beamformer approach is useful for revealing amygdala activity. The sensitivity of a source method to deep brain structure such as the amygdala depends on both the signal-to-noise ratio and the spatial resolution it provides [Vrba & Robinson, 2001] . SAM uses the second-order covariance between channels rather than single-channel averages, and thus is sensitive to spatially correlated activity. In addition, the use of the forward magnetic field solution for a source means that SAM detects dipole sources and therefore is less sensitive to artifacts that do not look like dipoles [Vrba and Robinson, 2001] . In short, the detection of responses in the amygdala should be possible using SAM. Indeed, there are also many MEG studies showing robust deep source signals detected with MEG [Cornwell et al., 2007 [Cornwell et al., , 2008 Garolera et al., 2007; Garvert et al., 2014; Ioannides et al., 1995; Liu & Ioannides, 2010; Liu et al., 2015; Luo et al., 2007 Luo et al., , 2009 Luo et al., , 2010 Streit et al., 2003; Styliadis et al., 2014] . Moreover, it is very important to note that the data obtained here revealed differences in late amygdala activity in the genetic groups (as well as early amygdala activity to fearful expressions in both groups). Such a pattern of data is not obviously predicted by an account based on inadequate signal to noise to detect amygdala responses.
Second, this study focused on the gamma frequency band. This was because of our a priori hypothesis and our own and others' data [M€ usch et al., 2017; Luo et al., 2007 Luo et al., , 2009 Luo et al., , 2010 ]. Yet, emotional processing has been associated with other frequency bands too [Tillem et al., 2016; Jiang et al., 2017; Luo et al., 2014] . In addition, cross-band interaction can take place during information processing [Luo et al., 2014] . As such, it will be useful in future work to examine the impact of genotype on other frequency bands.
In summary, we found that S-carriers, relative to LLhomozygous individuals, showed increased gamma band power within the amygdala for the late amygdala response to fearful expressions (i.e., after information had been processed within STS) and not for the early response. This suggests that heightened amygdala responsiveness seen in S-carriers with fMRI likely reflects enhanced amygdala-STS interactions, but not heightened responsiveness of the subcortical route. This study serves as the first direct evidence for the neural connectivity mechanism underlying heightened amygdala responsiveness in S-carriers versus LL-homozygous.
